ABSTRACT X-ray observations of the Galactic X-ray binaries (XRB) revealed numerous highly ionized metal absorption lines. However, it is unclear whether such lines are produced by the hot interstellar medium (ISM) or the circumstellar medium (CSM) intrinsic to the binaries. Here we present a Chandra X-ray absorption line study of 28 observations on 12 X-ray binaries, with a focus on the Ne IX and Fe XVII lines. We report the first detections of these lines in a significant amount of observations. We do not find significant dependence of the line equivalent width on the distance of the XRBs, but we do see weak dependence on the source X-ray luminosity. We also find two out of twelve selected targets show strong temporal variation of the Ne IX absorbers. While the line ratio between the two ion species suggests a temperature consistent with the previous predictions of the ISM, comparing with two theoretical models of the ISM shows the observed column densities are significantly higher than predictions. On the other hand, photoionzation by the XRBs provides reasonably good fit to the data. Our findings suggest that a significant fraction of these X-ray absorbers may originate in the hot gas intrinsic to the X-ray binaries, and that the ISM makes small, if not negligible, contribution. We briefly discuss the implications to the study of the Milky Way hot gas content.
INTRODUCTION
Since the launch of the Chandra and XMM-Newton X-ray Observatories, high resolution observations have been performed on a large number of Galactic X-ray binaries (XRBs) (for a review of the early results, see . One of the most distinguishing features is the presence of numerous X-ray absorption lines produced by almost all astrophysically important elements, and at ionization stages ranging from neutral to Hydrogen-like. Some of these features were also detected in the X-ray spectra of active galactic nuclei at z = 0. However, the current study of these intervening absorbers is hindered by one crucial problem: We do not know where they are located. Past studies always focused on two possibilities that the intervening gas can be associated with either the interstellar medium (ISM) or the circumstellar medium (CSM) intrinsic to the XRB. Clearly, any investigation of the ISM or the CSM using the X-ray absorption lines must address this issue first.
While most previous studies assumed either an ISM or a CSM origin, a few attempts, based on a very small number of targets, have been made to resolve this issue. For instance, Miller et al. (2004) argued that the lines detected in GX 339-4 are intrinsic to the source because the line width and shifting are consistent with a disk wind picture, and they did not detect similar absorption lines in a nearby XRB. However, Yao et al. (2009) and Cabot et al. (2013) concluded that the absorption lines seen in Cyg X-2 are produced by the ISM because the lines are narrow, show no time variability, and the wavelengths are consistent with the reference "rest-frame wavelengths" (although these wavelengths were determined by measurements of other XRB spectra).
So far, what have we learned about these X-ray absorbers? First, some must be intrinsic to the XRBs. For example, highly ionized Fe xxv and Fe xxvi have been detected in some XRBs (e.g., Ueda et al. 2004) but not in the background AGN spectra at z = 0 (e.g., Fang et al. 2003; Nicastro et al. 2002; Rasmussen et al. 2003; Williams et al. 2005 Williams et al. , 2006 . If they originate in the ISM, it would be difficult to explain why they are not presented in the AGN spectra. Some neutral and low ionization metal species could be located in the ISM (see, e.g., Liao et al. 2013 ). In particular, some absorption features have been detected both in the spectra of background AGNs and in the XRBs, although it is still unclear the absorption seen in AGNs is produced by hot gas in the disk or in the distant Galactic halo. Recently, Miller et al. (2009) studied the variability of neutral photoelectric absorption among a variety of XRBs and concluded that the absorption is dominated by the ISM contribution. Yet these studies are based on a small number of targets and the conclusion is limited.
In the past decade, Chandra and XMM-Newton observed a large number of Galactic X-ray binaries, and some have been observed multiple times. These observations provide an important database to study the origin of these highly ionized metal species systematically. In this paper, we plan to address the origin of the Xray absorbers by studying a sample of XRBs with very high quality X-ray spectra. We will first investigate the temporal behavior and spatial distribution of the metal absorption lines. We will also compare the observed line properties with those expected by theories. We focus on two ISM models of the hot gas distribution: One with a disk distribution (e.g., Yao et al. 2006) , and one with an Note. -Laboratory wavelengths and oscillator strengths of Ne IX Kα, K β , Kγ and also Fe XVII. The values are adopted from Verner et al. (1996) . extended profile, as expected for an adiabatic gas in hydrostatic equilibrium (e.g., Maller & Bullock 2004 ). We will also investigate the physical conditions of the X-ray absorbers if they are located in the circumstellar environment.
The paper is organized as follows. In Section 2 we describe the selection of our sample and data reduction. In Section 3 we examine the temporal behavior of the absorption lines, and compare the measured column densities with those predicted by theoretical models. Finally, we present the conclusions and discuss the possible origins for the X-ray absorber in Section 4.
SAMPLE SELECTION AND DATA REDUCTION
While numerous ion species have been detected in the XRB spectra, we focus on the Ne IX and Fe XVII absorption lines, for several reasons. First, Fe XVII and the first three Ne IX transitions, K α , K β , and K γ lines, are all located in a wavelength region (10 to 15.5Å) where the Galactic neutral hydrogen absorption becomes less important (see Table 1 ). Most of the XRBs are located in the Galactic plane and the X-ray spectra suffer from strong absorption at above 15 to 20Å. Second, all three high resolution X-ray spectrometers, namely the Chandra HETGS 3 , LETGS 4 , and the RGS 5 onboard XMMNewton have relatively high collecting area between 10 and 15Å. Combining with the fact that Neon and Iron are two of the most abundant elements in the universe, observations showed that among all the astrophysically important ion species, Fe XVII and Ne IX K α line have significantly high detection rates in the XRB spectra.
In the 10-15.5Å waveband, absorption lines from a number of other ion species such as Mg XI were also detected in the spectral of several XRBs (see, e.g., Miller et al. 2004; Yao et al. 2009) highly ionized ion species were even lower. Considering that we not only need detection, but also strong flux to constrain their property, Ne IX and Fe XVII with their high detection rate certainly are the best candidates to study the global properties of these X-ray absorbers.
Among the three high resolution X-ray spectrometers, we select the Chandra HETGS because it has the highest spectral resolution. HETGS has two sets of grating, high energy grating (HEG) and medium energy grating (MEG). Since HEG has rather small effective area around the Ne IX line region, we focus on the date obtained with MEG. While the HETGS has significantly less collecting area than those of the LETGS and RGS, we prefer the HETGS for the following reasons. First, very few XRBs were observed with the LETGS. A search over Chandra archive indicated that only 15 observations on the Galactic XRBs were preformed with LETGS, only two targets were observed twice and none was observed more than twice. Second, RGS 1 has a bad CCD between 10 -15Å so RGS 2 is the only unit that covers this waveband. The resolution of the RGS 2 is considerably worse than those of MEG, and significantly limits the constraining power of parameter space. However, to ensure the data quality, we select the observations with at least 100 photons per 0.025Å around the Ne IX K α line region. This bin size is about the full width of half maximum (FWHM) of the MEG.
In total, 28 Chandra grating observations of twelve XRBs were selected. Among the twelve targets, eight have multiple observations and can be used for temporal analysis. In Table 2 we list the source name, distance, observational ID, observation date, and exposure time, in columns 1, 2, 3, 4 and 5, respectively.
All data were reprocessed with the standard CIAO software (ver.4.4) and CALDB (ver.4.4.8) . A grating RMF (gRMF) appropriate for spectral analysis of grating observations was generated by tool mkgrmf. We calculated the auxiliary response function (ARFs) by running script fullgarf for the first-order spectrum. Finally, the plus and minus first-order spectra were co-added using the tool add grating order.
3. ANALYSIS AND RESULTS Segment spectra were modeled between 10Å to 15.5 A with the Galactic neutral absorption plus a power-law model in XSPEC ver 12.7 (Arnaud 1996) . We used a fixed ISM abundance adopted from Wilms et al. (2000) and assumed collisional ionization equilibrium for the Xray absorbing gas. The Galactic neutral hydrogen column densities were adopted from Dickey & Lockman (1990) and were set to be frozen in our spectra fit. Absorption lines were fitted with a Voigt line profile model. We briefly summarize its parameters here, but refer the readers to Buote et al. (2009) for more details. This line model has three free parameters: Column density, Doppler parameter b, and the central wavelength shift. In our joint fit we tied together these three parameters for all three neon lines. We obtained the line equivalent width (EW) or its upper limit in case of non-detection. To obtain the EW upper limits, we assumed a velocity width of b ∼ 150 km s −1 . The quoted errors correspond to a 90% confidence level unless stated otherwise. For Ne IX, we performed a jointly fit of the K α , K β and K γ transitions to determine the properties of the absorber. Table 3 lists the line properties determined from the spectral fitting. Columns 3, 4, and 5 are the line EWs of Ne IX K α , K β and K γ transitions, respectively. Column 6 is the significance of the K α line. Columns 8 and 9 show the Fe XVII line EW and significance, and column 7 and 10 are comments, respectively. Some line detections have been reported before (see, e.g., Juett et al. 2006; Yao & Wang 2005; Cackett et al. 2008; Miller et al. 2004 ). Among all XRBs, the strong Ne IX K α absorption lines near 13.447Å are clearly visible with good S/N spectra, except in 4U 0614+09 and Sco X-1. Fe XVII was also detected in 9 observations (for 4 targets) at more than the 3σ level. We performed Monte-Carlo simulation to estimate the errors on the line equivalent width. The results are summarized in Table 3 . For the non-detections we estimated their 90% upper limits. For the ObsID 5461 of GRO J1655-40, due to the blending of strong absorption lines from ions other than Ne IX in the Ne IX K β and K γ regions, we only fitted the Ne IX K α line. For this observation and the ObsID 2699 of XTE J1650-500, our results are significantly different from those of Miller et al. (2008) ; for the rest observations, our best-fit values and errors are in general consistent with previous estimates.
Variability
We first investigate the temporal behavior of the X-ray absorption lines. An ISM-origin would imply that these absorbers should not change between different observations for the same background sources. We present our EWs for all the sample targets as function of source distance in Figure 2 (left panel: Ne IX K α ; right panel: Fe XVII). While we do see variations among targets with multiple observations, the error bars are too large to draw any reliable conclusions. We also do not detect any dependence of the line EW on the distance. In Figure 3 , we show the Ne IX K β line EW vs. K α line EW. Since EW ∝ f ij λ 2 , we expect a fixed ratio of EW(K β )/EW(K α ) ≈ 0.15 (solid line) if the line is not saturated. Since most data points are located at above Note.
-Selected sample of X-ray binaries and their observation information. See the text for detailed explanation of each column. The distance for each XRB is also shown. However many of the X-ray binaries do not have well-determined distances,the most constrained distance error bar is also shown. For 4U 1728-16 and XTE J1817-330, as the errors could not be constrained, we simply assume the distances as 10 Kpc and 8 Kpc, respectively. the solid line, we find a significant amount of lines are saturated.
To investigate the line variation, we calculate the 1 σ and 2 σ confidence contours on Ne IX column density and the Doppler parameter (we focus on Ne IX here because this ion was detected in most observations). We would expect for the same target the parameter contours for different observations should overlap in case of constant ISM absorption. The confidence contours for all targets with detected Ne IX lines are displayed in Figure  7 , where different colors represent different observations. The parameter contours from GX 339-4 and XTE J1817-330 clearly show lines properties changed between observations. Our result confirmed Miller et al. (2004) that the absorption detected in GX 339-4 is most likely intrinsic. For other sources, their line variabilities are less constrained. Our contour plots suggest that at least in some cases the line parameters show significant variations between observations that can not be explained by an ISM-origin of the hot gas.
To further corroborate the connection between the absorption line and the background source, we plot the line EW as a function of the source luminosity in Figure 4 , in which the left panel shows case for Ne IX K α line and the right panel for Fe XVII. The luminosity is calculated between 0.6 and 6 keV, the effective energy band for Chandra MEG. The error is dominated by the uncertainty on distance. For Ne IX, we examined the four sources with more than two observations. Except Cyg X-2, we do see some weak correlations for 4U 1820-30, GX 339-4, and XTE J1817-330. The correlation is negative for GX 339-4, and positive for the other two sources. While the detection of Fe XVII is fewer, we do see a general trend in which the line EW becomes smaller as the source luminosity increases. Such correlation does imply links between the X-ray absorbers and the circumstellar material. We present a simply photoionization model in the next section, and refer readers to Miller et al. (2004) and Cackett et al. (2008) for further discussion.
We also would like to emphasize that the detection of the time variability cannot rule out the scenario that both the intrinsic absorbers and the ISM contribute to the observed absorption. Rather, such variability suggests that a significant fraction of the observed absorption should arise from regions intrinsic to the XRBs.
Comparison with theories
3.2.1. Collisional Ionization In this section, we explore the theoretical implications of our data. Collisional ionization will be the dominated ionization mechanism if the absorbers are located in the ISM. The line EW ratio between the two ion species provides an effective diagnostic tool of the ISM. In Figure 5 we plot such ratio as a function of temperature. The ionization fraction of Ne IX and Fe XVII was adopted from Mazzotta et al. (1998) . We assume solar abundance and calculate the ratio for Doppler-b parameter of 50 (solid curve) and 150 (dashed curve) km s −1 cases. The shaded area indicates the region allowed by data. We find that a temperature range of 2 -4 ×10 6 K is predicted by data (∼ 2 × 10 7 K is also allowed by the ratio, but the temperature is unlikely that higher because the expected column densities of both ions would be much lower than actually detected). This temperature range is in general consistent with other measurements of the ISM temperature (see, e.g., Yao et al. 2009 ).
We also investigate the column density distribution by comparing the observations with two theoretical models of the hot gas in our Galaxy: A traditional diskdistribution model, and an extended hot-halo model based on multiphase cooling theory proposed by Maller & Bullock (2004) . Following Yao et al. (2009) , we adopt an exponential distribution and modeled the gas density and temperature distributions as:
and
where η is the volume filling factor and is assumed to be 1, r is the radius from the Galactic center, b is the latitude, ρ 0 , T 0 is the gas density and temperature at the disk mid-plane, and h ρ and h T are the scale height of the hot gas density and temperature distributions, respectively. We adopt the disk model parameters from recent observations of the PKS 2155-304 sight line (Hagihara et al. 2010 ) as ρ 0 = 1.4×10 −3 cm −3 , T 0 = 2.5×10 6 K, h ρ = 2.3 kpc and h T = 5.6 kpc.
The extended hot halo model (Maller & Bullock 2004 ) predicts a hot gas density and temperature distribution as
Here R s = 21.7 kpc is the scale radius of the dark matter halo and C v = 12 is the halo concentration. The density ρ v = 5.0 × 10 −5 cm −3 and temperature T v = 1.1 × 10 6 K is the gas density and temperature at the virial radius, respectively. We adopted these parameter values from Maller & Bullock (2004) and Fang et al. (2013) .
We first estimate the column density by integrating the ion number density over the sight line
where ρ(s) is the number density along the line of sight, D is the line-of-sight distance in the direction (l, b), f (T ) is the ionization fraction of at the expected temperature T , and Z ion is the metal abundance. Note that we need to convert the model density and temperature distribution along galactic center to a direction of sight line via r 2 = s 2 + r 2 0 − 2sr 0 cos(l) cos(b), where r 0 = 8 kpc is the distance between the Sun and the Galactic Center, and r is the Galactocentric distance. Again, the ionization fractions of Ne IX and Fe XVII are adopted from Mazzotta et al. (1998) , under the assumption of collisional ionization equilibrium. In what follow, we assume a Z ion = 1 Z for the disk model, and 0.3 Z for the extended halo model, where Z is the solar abundance from Wilms et al. (2000) .
The comparison of the observed column density with that expected from current theoretical ISM distributions is presented in Figure 8 . The top panels show the distribution for Ne IX, and the bottom panels for Fe XVII. Since the column density and Doppler-b parameter are correlated, we calculated the column density for all targets at a fixed b of 50 (left panels) and 150 km s −1 (right panels). The dashed line in each panel shows the column density expected from the extended halo model. Since the density profile in this model has a rather flat core in the center, the column density distribution is insensitive to the direction of sight lines. For the disk model, we calculate two cases: (l, b) = (0, 0) (the lower boundary of the shaded area), and (l, b) = (0, 15
• ) (the upper boundary of the shaded area). Since most of our targets have |b| < 15
• , the shaded area represent the likely range of the column density distribution. Due to the lack of detections the Fe XVII distributions (bottom two panels) cannot provide tight constraint. However, as shown in the Ne IX distributions (top two panels), the column density predicted by the current ISM model provides only a small fraction to the observed XRBs absorption at less than 10-20% level. Significant contributions have to come from sources other than the hot ISM, e.g., absorbers intrinsic to the XRBs.
Photoionization
If the X-ray absorbers are intrinsic to the XRBs, most likely photoionization will become the dominant ionization mechanism. We used the photoionization code XS-TAR (Kallman & Bautista 2001) to investigate the physical conditions of these absorbers. We assumed an input spectrum of a power-law with a photon index of Γ. We then created a grid of absorption line models with three grid parameters: Photon index of Γ, column density of the absorber N H , and ionization parameter ξ = L/nR 2 . Here L is the X-ray luminosity, n and R are the density and distance (to the source). Assuming solar abundance, we folded the power-law plus the Galactic absorption model with this model spectrum calculated from XS-TAR. We then fitted the observed spectra from 10.5 to 15.5Å where Ne IX and Fe XVII present with XSPEC. For all fits the reduced χ 2 are around 1.1, indicating our fits are reasonably good. Figure 6 shows the best-fit N H vs ξ. For most absorbers the N H is in the range of 10 20 -10 21 cm −2 , and log(ξ) in the range of 1 -3. We notice in several targets, in particular Cyg X-2, XTE J1817-330, and to some degree GX 339-4, the physical conditions of the absorbers varied significantly between different ob-servations.
CONCLUSION & DISCUSSION
Understanding the origin of XRB X-ray absorbers has fundamental impact on both modeling the ISM and probing the circumstellar environment of the X-ray binaries. We briefly summarize our findings here:
• We analyzed 28 Chandra grating observations of 12 Galactic X-ray binaries, with a focus on the Ne IX K α , K β , K γ , and Fe XVII absorption lines. We report the first detection of these lines in a significant amount of observations.
• We do not find significant dependence of the observed line EW on the distance to the XRBs. Such dependence would be predicted by the ISM model of the absorbers. The ratios between the Ne IX K β and K α line also suggest that they are not in the linear part of the curve-of-growth, i.e., these lines are moderately saturated. We also investigate the temporal behaviors of the absorption lines. By examining the variation of the line EW, and the contour plot of column density vs. the Doppler-b parameters, we find in two XRBs, the line variation cannot be explained by an ISM-origin of the absorbers.
• We find a weak correlation between the Ne IX K α line EW and the source X-ray luminosity in three targets. We also find an overall dependence of the Fe XVII line EW on the luminosity: The higher the luminosity, the weaker the line EW.
• Assuming collisional ionization, the line ratio between two ion species suggests a temperature of the absorbing gas in the range of 2 -4×10 6 K, consistent with previous estimates of the ISM. However, we also compare the data with two theoretical models of hot gas distribution in our Galaxy: A conventional disk distribution, and an extended hot halo model. We find both models significantly underpredict the Ne IX column densities.
• We used the photoionization code XSTAR to model the absorbers, assuming there are intrinsic to the XRBs. We find in general such model provides reasonably good fit to the data. For most absorbers, their N H is in the range of 10 20 -10 21 cm −2 , and the ionization parameter log(ξ) in the range of 1 -3.
Based on these findings, we suggest that the ISM may make very small contribution to the total absorbing column densities, and the majority of the Ne IX and Fe XVII absorbing gas arise from the vicinity of the XRBs.
In our calculation, we assume a solar abundance in the disk model, and 0.3 solar abundance in the extended hot halo model. While the ISM may have a higher metal abundance, in order to explain the observed column densities, the abundance must be at least 5 to 10 times higher in the disk model, and more than 10 times higher in the extended hot halo model. Such abundance would be inconsistent with many other observations of the ISM.
Furthermore, it would still be difficult to explain the line variation we found in several targets.
While it is interesting to perform a joint analysis of X-ray absorption and emission, we emphasize that due to different physical processes emission and absorption may probe different regions of the ISM/CSM. Since X-ray emission is proportional to the gas density square, it samples denser regions of the ISM, while absorption samples more smooth component of the ISM/CSM. Therefore in this work we restrict our investigation to the absorption study only.
Nevertheless, line emission may still put important constraint on the distribution of these ion species since most likely such emission is produced in the high-density, circumstellar regions. We performed a search to look for line emission feature in the 10 -15Å waveband. We did not detect any X-ray emission. Using the ObsID 7032 of 4U 1820-30 as an example, we try to determine whether such non-detection can help constrain the nature of our absorber. We find such non-detection would imply a 3σ line flux upper limit of 6.4 × 10 −5 photos cm
for Ne IX K α forbidden line at 13.69Å. Using our XSTAR modeling, we find the expected line flux is 2.3 × 10 −5 photos cm −2 s −1 , lower than the 3σ constraint from the observation. So at least in this case, nondetection of the X-ray line emission cannot provide much constraint on the distribution of the Ne IX ion species. However, X-ray line emission can nevertheless be an important diagnostic tool once detected.
If the Ne IX absorbers are intrinsic to the XRBs, photoionization can certainly explain some of the absorbers (see, e.g, Miller et al. 2004) . The most likely origin of the absorbing gas is perhaps the outflow from accretion disk (e.g., Proga & Kallman 2002; Yuan et al. 2012a,b) . However, another interesting possibility is a jet-inflated bubble around the XRBs. Such bubbles formed when strong jet/outflow interact with the ISM (Weaver et al. 1977) . The ISM would be shock heated to a high temperature around 10 6 K and later be swept up to form a thin shell of entirely HII gas. Observation of the out shell of interstellar bubble have already been performed in many systems like stellar system , stellar clusters, ultra-luminous X-ray sources, and high-mass XRBs (e.g., Pakull & Mirioni 2003; Stevens & Hartwell 2003; Fabrika 2004; Gallo et al. 2005; Pakull et al. 2010) . The bubble structure has also been theoretically investigated for years. The properties of the bubble mostly depend on the mass-loss rate of central target, outflow velocity and the age of the bubble (Weaver et al. 1977 ). Here we simply assume an outflow rate of 10 −5 M yr −1 , bubble age of 10 6 yr, wind velocity of 200 km/s and ISM density of 1 cm −3 . We could estimate a Ne IX column density on the order of ∼ 10 15 cm −2 , by adopting a theoretical bubble density and temperature profile (see equation (16) and (37) of Weaver et al. 1977) . The Ne IX column density is calculated from equation 5 with solar abundance assumed. The estimate Ne IX column density is comparable to that measured from our XRBs sample. Similar absorption features have been frequently detected in the X-ray spectra of background AGNs at z = 0 (see, e.g., Nicastro et al. 2002; Fang et al. 2003; Anderson & Bregman 2010; Gupta et al. 2012) . Unlike the XRBs located in the Galactic disk, the sightline toward background AGNs passes through the disk, the Galactic halo, as well as the intragroup medium in the Local Group. So potentially the comparison of the X-ray absorbers detected in the XRB and AGN spectra can offer an opportunity to study the hot gas content in the circum-galactic medium and beyond. Indeed, Yao et al. (2008) performed such comparison and concluded that the halo contribution to the absorption is negligible. However, the assumption in their paper is that the absorption detected in the XRBs is originated in the ISM. As we demonstrate in this paper, this is unlikely the case for most XRBs. The ISM for certain contributes to the observed absorption; but the measured column density can be treated only as a upper limit of the hot ISM when making comparison with those from the AGNs.
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